Acute renal failure resulting from prolonged renal ischemia remains a frequent complication of kidney transplantation. Recent information obtained from experimental renal oxygen deprivation sheds new light on the pathophysiology and possible prevention of this condition and will be reviewed briefly here. As will be discussed, the site and mechanisms of ischemic injury induced by total cessation of blood flow (as for kidney transplantation) may significantly differ from the damage caused by renal hypoperfusion (as in shock).
Paradoxical susceptibility of the kidney to oxygen deprivation: Importance of the renal medulla (1) .
The kidney normally enjoys high blood flow designed to maximize the clearance of wastes. In spite of this abundant supply of oxygen, the kidney is unusually vulnerable to hypoperfusion when compared with other organs. Within the kidney, however, the distribution of oxygen is remarkable uneven because only the cortex benefits from the excess of oxygen delivery. The renal medulla, by contrast, receives a very limited supply of oxygen, as evidenced by a partial pressure of oxygen within this tissue in the range of 10 mmHg only. This results from the low blood flow and the countercurrent exchange system in the medullary circulation, both necessary to allow an effective urinary concentrating mechanism. Thus, under normal conditions, medullary tubules work on the brink of anoxia, and adequate matching of oxygen delivery to demand needs to be precisely regulated by neuro-endocrine signals (such as the prostaglandin system).
Experimental evidence (1-3) indicates, indeed, that the most vulnerable parts of the nephron to oxygen deprivation are the deeper portion of the proximal tubule (53) and the medullary thick ascending limb of Henle's loop (mTAL), both located in the outer The International Journal Of Artificial Organs / Vol. 9 no. 1, 1986/ pop. 7-8 medulla, where, in fact, active solute transport faces a meager oxygen supply. Additional observations suggest that impairment of the medullary circulation may play a key role in renal ischemic injury. Although the exact histopathology of human ischemic acute renal failure remains unclear, several studies, including the earlier descriptions of "lower nephron nephrosis" (4) have indicated predominance of injury in the outer medulla (5) . Preferential damage to the renal medulla fits the clinical experience that isosthenuria is the earliest and the most consistent functional impairment after renal ischemia.
Reduction in active trans-epithelial transport can protect the renal tubule from oxygen deprivation.
A decrease in the rate of solute delivery (filtered load) to be reabsorbed, or a direct inhibition of active transport with furosemide or ouabain, can reduce, remarkably, hypoxic tubular damage in the isolated perfused rat kidney (6, 7) . The nephron segment best protected from severe hypoxic injury by reducing transport activity is the mTAL. While hypoxic damage to 53 is also lessened by these maneuvers, milder lesions to earlier portions of the proximal tubule (51, 52) are only minimally improved. Conversely, stimulation of cell work for transport produces extensive hypoxic injury to medullary tubules (8) . These observations suggest the concept so familiar to cardiologists, that oxygen deficiency is relative to its demand. The renal medulla exhibits a sort of anginal syndrome in which decreasing work load improves tolerance to hypoxia. Acute renal failure may therefore be a defense mechanism designed to minimize reabsorptive work for ischemic tubules (1) .
If inhibition of transport activity protects from hypoxia, will diuretics be helpful in vivo in the prevention of renal ischemic injury? Results are inconsistent (9) although sometimes clearly beneficial (10) . It should be realized that diuretics used alone might, in fact, be detrimental if the ensuing volume depletion is allowed to further compromise renal perfusion. On the other hand, aggressive volume expansion has been very effective in the prevention of acute renal failure (11) . Fluid resuscitation prevents shock and, in addition, conceivably stimulates the endogenous release of ouabain-like natriuretic factors that, in turn, will inhibit active renal tubular transport. The combination of intravenous saline and loop diuretics might, therefore, be a powerful prophylactic modality for renal ischemia. In kidney Diversity of injuries in renal ischemia transplantation high doses of furosemide injected into the renal artery or added to the medium used for organ perfusion may improve tolerance to ischemia. Under these circumstances, however, the entire parenchyma is deprived of oxygen and protection of the renal cortex by inhibition of transport will be incomplete.
Disparate responses to cell injury along the nephron
Recent observations suggest a profound heterogeneity of response to injury among different tubule segments. The proximal tubule is highly susceptible to cellular energy depletion or osmotic stresses (12) while the distal tubule withstands these insults. In the distal nephron, active metabolism facing hypoxia induces a rapid and irreversible cell injury by a mechanism possibly involving free radicals (12) . Agents that reduce the rate of metabolism or ion transport (such as ouabain) effectively reduce hypoxic injury in the distal tubule but not in the proximal nephron (13) . Conversely, while impermeant solutes (such as polyethylene glycol or mannitol) may prevent cell swelling in the proximal tubule (14) they fail to protect the distal tubule from hypoxic injury (13) .
Thus, total cessation of renal blood flow, such as during kidney transplantation, exposes different cell populations to different patterns of injury. Under these conditions, renal preservation might be considerably improved by combined interventions such as impermeant solutes with loop diuretics (13) . These modalities could be tested in kidneys to be transplanted (by intraarterial injection or perfusion) along with other agents potentially protective in cell anoxia, such as calcium channel blockers, ATP, MgCI 2 or scavengers of free radicals (5) . Combination of preventive measures is likely to be more effective than a single therapeutic agent because of the multiplicity of defects resulting from renal ischemia.
In conclusion, during renal hypoperfusion, the outer medulla of the kidney is the prime target for ischemic injury and inhibition of active reabsorptive transport can protect medullary tubules from damage. Total cessation of blood flow by contrast, induces multiple types of injury in the renal parenchyma that may be prevented only by the combination of different protective agents.
